INTRODUCTION
Automation in the construction sites is showing a rapid progress in accordance with the evolution in the computer technology. However, only a few examples of construction robots using the product model are available and the extent of the application of the product model is limited to providing the operator with information, restricting the range of the work area and such. In developing the backhoe automated system, role assignment between man and machine is defined and then the automated hydraulic shovel has been developed by taking full advantage of the product model. This example of the development is explained in this paper.
TABLE-1 ROLE ASSIGNMENT IN MAN-MACHINE SYSTEM

Cognitive Engineering Interface Model
The recent cognitive engineering is proposing the "human-centered design" that gives heed to the relation between man and machine from an operator's point of view. When interactions between man and machine are made more suitable for man's recognition and decision, it is expected that human error will be reduced and, in the event of occurrence of any problem, the operator will be able to cope with it more efficiently. This is the reason why the human-centered design is advocated.
As opposed to automation in production lines in a factory, automation in the civil engineering requires an increased number of actions against problems (as well as pointed judgment of the situation). Thus, the operator's efficiency to take actions gives significant impact on the entire operating efficiency. Aside from trying to develop the complex autonomous control, it seems possible to develop the simple autonomous control system that could improve the operating efficiency by delegating to the operator the tasks that lie in the area of his or her responsibility.
Job Analysis of Hydraulic Shovel and Scope of
Development Job to be done by the hydraulic shovel are broadly divided into the traveling, excavating and loading operations. During travel, the machine does not perform excavating and loading operations. On the other hand, it does not travel during excavation and loading. In addition, most tasks are excavating and loading operations and the similar tasks will be repeated. Therefore, the scope of the tasks in this development is limited to the excavating and loading operations. In these two operations, it is assumed that operator takes charge of the finishing stake and confirmation of topographic features, and the excavating and loading operations are assigned to the machine. The present jobs during the excavating and loading operations are analyzed in detail to define the role assignment in the man-machine system. In this section, the work scenario in the system development is described and the role assignment in the man-machine system is listed.
(1) Finishing stake and confirmation of present topographic features The operator should understand the product model and the present topographic features through the man-machine interface to select the excavation pattern. Also the operator selects the excavation start point within the excavating operation area. (2) Bringing the bucket tip to the excavation start point
The system generates an expected tip trajectory that connects the present tip position coordinates to the excavation start point coordinates predetermined by the operator over the shortest distance possible (with a linear line) and controls the valve on each cylinder so that the bucket tip can reach the target point. The angle of the bucket tip is automatically set up based on the design form or excavating pattern. (3) From excavating operation to scooping operation
The system generates the optimal excavation trajectory and automatically performs the excavating operation. The excavation trajectory is calculated to meet the depth of excavation decided by the operator. The operator arbitrarily changes the depth of excavation when he or she senses a decrease in excavation speed. Then the system re-generates the optimal excavation trajectory. (4) Swiveling operation
The system automatically sets up the target of swiveling motion based on the dump truck position, the machine position and the azimuth angle of the upper swiveling structure, and rotates this structure through the azimuth angle until it reaches the target position by controlling the swiveling motion valve. (5) Bringing the bucket to the unloading position
The system automatically determines the unloading position based on the dump truck position, the azimuth of the machine and the frequency of loading operations, and generates the trajectory to the dump truck position. The system controls (opens and closes) the valve to bring the bucket to the unloading position at the dump truck position according to the trajectory generated. (6) Unloading operation
The system actuates the bucket at the unloading position to dump the excavated soil onto the dump truck. The operator monitors the unloading operation and controls its speed. Upon completion of this step, the operator returns to step (1). In the next chapter, the procedure for generating the expected bucket tip trajectory is described, which is necessary to assign the foregoing roles.
HYDRAULIC SHOVEL OPERATION CONTROL
Operation Control with Product Model
Operation of the hydraulic shovel is controlled using the two coordinate systems. In the first place, the operator understands the conditions of the product model as well as the present topographic features through the man-machine interface, and at the stage of designating the excavation start point, the site coordinate system (X, Y and Z space coordinate system) is used. Therefore, the system controls the swiveling motion in the site coordinate system when it intends to bring the bucket tip to the excavation start point. In the present excavating operation, the operator performs the excavating operation along the design lines while watching the finishing stake and does the shaping operation while facing normal to the design lines. The orientation of excavating operation with the robot construction machine is effectively selected by using the product model. The use of the site coordinate system could define the relationship between the position of the construction robot and the design form. In the excavating operation, the machine is controlled in the machine body coordinate system that is in the vertical cross section and includes both the excavation start position and the construction robot position. Since the swiveling motion cannot be done during the excavation operation, the shovel motion can be defined in the biaxial plane coordinate system that facilitates the boom/arm control by using the inverse kinematics which will be described later. Since the product model is defined in the space coordinate system, the coordinate conversion in any vertical cross section is feasible, allowing a simple definition of design boundary in the body coordinate system. Thus, automatic control of the shaping operation along the design shape will be enabled. The excavating operations of the hydraulic shovel have several modes of operation that will be selected based on the details of the operation, and the rules for generating the expected tip trajectory are preset for each mode. The operator can select one of the modes to be consistent with the details of the operation.
These modes as well as their outlines are explained in the rest of this section.
Figure 4 Operation Modes (1) Excavating operations
In the excavating operations, it is required to generate a highly efficient excavation trajectory within the design excavation range. For better efficiency, the excavation operation is broadly divided into the upward excavation mode, downward excavation mode and trench excavation mode. In the upward excavation mode, the excavated soil drops down to the ground by gravity. Therefore, the trajectory is designed such that the soil is scraped down to the scooping position and then, at the end of the operation, it is held in the bucket. On the contrary, in the downward excavation mode, there is the need for designing the trajectory by which the shovel keeps excavating the soil while holding excavated soil in the bucket. In the trench excavation mode, the trajectory is generated as a function of the depth of excavation and the length of horizontal pull. The optimal angle of the bucket tip is set up in the trajectory depending on each excavation pattern and the soil property. This angle is defined as the angle made between the bucket bottom plane and X-axis. (2) Shaping operation
In the shaping operation, the trajectory is basically generated such that the bucket tip can trace the design shape lines. The angle of the bucket tip is preset such that the bucket bottom plane can be in parallel with the gradient of the slope. 
Rules to Generate Expected Tip Trajectory
The hydraulic shovel control pattern is divided into an excavating mode and a traveling mode. In the excavating mode, the bucket is controlled while it is on the ground, and in the traveling mode, the bucket is controlled while it is above the ground.
(1) Traveling mode control
In the traveling mode control, the trajectory is designed to link the target points with a straight line for the better working efficiency. When there is any obstacle on the linear trajectory, the position of that obstacle should be also taken into account in designing the trajectory. The traveling mode control is composed of the following elements of motions: -Traveling from standby attitude to excavation start point -Traveling from completion of scooping to loading position -Traveling from completion of loading to standby attitude (2) Excavating mode control
The rule to generate the expected tip trajectory in the excavating mode control is that the shortest geometrical excavating trajectory connected to the target should provide the highest excavation efficiency. But when an excavation resistance is significant, the traveling speed on the expected trajectory will be lowered, resulting in the excavation efficiency being decreased. Therefore, the operator should visually monitor the progress of excavation operation at the site and, if deemed appropriate, modify the excavating pattern and excavating parameters to select the optimal pattern.
Basic Excavating Patterns
The basic excavating patterns are grouped according to the cylinders used in excavation. The operation in each basic excavating pattern is described below.
(1) Cutting operation
As to the operation that cuts the soil from the excavation start point, a driving force is gained from the bucket cylinder. The change of the depth of excavation is also made by the force of the bucket cylinder. (2) Horizontal pull operation When the bucket tip reaches the prescribed depth, the horizontal pull operation is requited until the bucket capacity is met. During the horizontal pull operation, the angle of the bucket tip is kept constant and the soil is excavated by the force of the arm cylinder. (3) Scooping operation
The soil is excavated again by the force of the bucket cylinder just before the scooping operation when the soil excavation resistance becomes largest. When the top face of the bucket becomes horizontal, the excavated soil is scooped up with the boom cylinder. The expected excavating trajectory is preset geometrically with the aim of improving the working efficiency. When the excavation capability of the hydraulic shovel is sufficiently larger than the excavation resistance, it is most effective to make the expected excavating trajectory as short as possible in order to shorten the length of time required by excavation. Therefore, as illustrated in Figure 6 (figure at the left side), the expected excavating trajectory should be semicircular. The larger the excavation resistance, the lower the excavation speed, resulting in a lower working efficiency. If such is the case, the excavation resistance should be decreased by making the excavation depth smaller. Then it is necessary to increase the length of horizontal pull in order to keep the amount of the excavation constant. In this operation, the area swept by the trajectory is kept constant and the expected excavating trajectory is generated, thereby precluding the possibility of unnecessary excavation.
Parameters to generate the expected excavating trajectory are angle of bucket tip, depth of the excavation and length of horizontal pull, where the angle of bucket tip and length of horizontal pull are changed in conjunction with the depth of the excavation. 
Angle of Bucket Tip
In the excavation work, the angle of the bucket tip is dependent on the soil property (soft or hard). Empirically, a comparably large angle of bucket tip is preferred for soft soil to complete the excavation work at a relatively short excavating distance, and a smaller angle is applied to hard soil to reduce the excavation resistance. However, it is asserted [2] that a larger angle of the bucket tip is effective when the soil is too hard for the tip to bite into. Like the depth of excavation, the angle of the bucket tip is determined according to the dipper coefficient.
The angle is preset in the shaping operating such that the bucket bottom plane has the same gradient as the design plane. However, the movement is predetermined such that the bucket bottom plane does not interfere with the design plane at the inflection point of the gradient. The motion of the bucket tip is checked in the body coordinate system with the following 3D simulation.
3D SIMULATION
In order to verify the motion of the hydraulic shovel under control of the excavating trajectory that is designed as described in the above section, a 3D simulation prior to the demonstration using the hardware. In this software, the hydraulic shovel is modeled based on the drawings of the shovel precisely in the 3D space, and at the same time design shape as well as topographic features were also modeled in the 3D space in order to confirm the excavation motions and excavation conditions controlled by the packet trajectory. The motions of the boom, arm and bucket, which are controlled with the expected excavating trajectory was visualized in the 3D space using this software, and the validity of the rules to design the trajectory has been confirmed in terms of design shape and operation conditions. The sample of display shown with this simulation software is shown in Figure- 
CONCLUSION
Knowledge obtained from this development and review of the product model driven robot construction machine are summarized hereunder: (1) Role assignment in the man-machine system is determined based on the task analyses. (2) Rules to design the expected excavating trajectory are proposed to control the tip of the hydraulic shovel. (3) The designed trajectory of the hydraulic shovel is checked against the design and topographic features using the 3D simulation.
The current study was conducted on the basis of the knowledge that has been gained from the General Technology Development Project called "Development of IT-Assisted Construction System Based on Robots, etc." undertaken by the Ministry of Land, Infrastructure and Transport. The General Laboratory of Construction Technology of Japan Construction Method and Machinery Research Institute has come up with a new proposal on development of the related technologies. We intend to
